Background Rupture of the pectoralis major (PM) tendon is a rare but severe injury. Several techniques have been described for PM fixation, including a transosseus technique, placing cortical buttons at the superior, middle and inferior PM tendon insertion points. The present cadaveric study investigates the proximity of the posterior branch of the axillary nerve to the drill positions for transosseus PM tendon repair. Methods Twelve cadaveric shoulders were used. The axillary nerve was marked during a preparatory dissection. Drills were passed through the humerus at the superior, middle and inferior insertions of the PM tendon and the drill bits were left in situ. The distance between these and each axillary nerve was measured using computed tomography. Results The superior drill position was in closest proximity to the axillary nerve (three-dimensional distance range 0-18.01 mm, mean 10.74 mm, 95% confidence interval 7.24 mm to 14.24 mm). The middle PM insertion point was also very close to the nerve. Conclusions Caution should be used when performing bicortical drilling of the humerus, especially when drilling at the superior border of the PM insertion. We describe 'safe' and 'danger' zones for the positioning of cortical buttons through the humerus reflecting the risk posed to the axillary nerve.
INTRODUCTION
Rupture of the pectoralis major (PM) tendon is an uncommon but severe injury, commonly seen in athletes when it can be careerthreatening. The reported incidence has risen in recent years and it is assumed that this is a reflection of an increased number of athletes performing high load activities, such as weightlifting and body building [1] . There is also an association with use of anabolic steroids [2] . PM is a fan-shaped muscle considered to have two heads: clavicular and sternal. The muscle fibres blend together before inserting onto the lateral lip of the bicipital groove of the humerus as a 'bilaminar' tendon [3] . The actions of PM at the shoulder are adduction, internal rotation and flexion, and the most frequent biomechanical mechanism of rupture is the application of an opposing force when the shoulder is in an extended position, coupled with a sudden and maximal contraction of the muscle. It is this combination of movements that is employed when performing a supine 'bench press' exercise and explains why this is associated with a high number of injuries [2] . A tear of the PM tendon can be categorized by the position of the tear, type 1 being in the muscle belly, type 2 at the myotendinous junction and type 3 involving the distal tendon [4] , and a tear may involve one or both of the heads, with the sternal head rupturing more commonly than the clavicular head [3] . Early operative fixation is associated with an improved outcome and so is recommended for type 3 injuries [5] .
Several techniques have previously been described for PM fixation. These include transosseus suture repair through a bone trough, using one or two rows of drill holes, periosteal sutures, suture anchors and cortical buttons [6] [7] [8] [9] [10] [11] . Use of suture anchors relies on good cortical bone quality and repairs that do not require high tendon tension [12] . A new technique for repair using cortical buttons through the posterior cortex of the humerus has recently been described [13] . The ruptured PM tendon is identified at surgery, isolated and mobilised. A Krakow, or other grasping suture, is then sutured in the tendon, with a cortical button being located at the other end of the stitch. A trough is made in the humerus and the tendon is introduced into this trough, lateral to the attachment of the long head of biceps. The cortical buttons are then passed through drill holes in the humerus and secured.
The concern with a technique involving bicortical drilling, such as the cortical button technique, is the risk that is posed to the axillary nerve as it courses posteriorly to the humerus. The axillary nerve originates from the posterior cord of the brachial plexus (nerve roots C5 and C6). It passes anteriorly to subscapularis, traversing the quadrilateral space, before it divides into anterior and posterior branches at the posterior aspect of the humeral neck. The posterior branch supplies motor function to the posterior fibres of deltoid, as well as teres minor, before continuing as the lateral cutaneous nerve of the arm which supplies cutaneous sensation [14] .
The present cadaveric study investigates the proximity of the axillary nerve to the position of transhumeral drill passages during PM repair and highlights axillary nerve injury as a potential complication of this technique. a) b) Fig. 1 Photographs of the wire being inserted into the axillary nerve and the drill bits in situ following insertion into the humerus. The pectoralis major insertion is intact, allowing accurate placement of the drill bits at the superior, middle and inferior insertion points.
Fig. 2
Computed tomography images showing the drill bits through the humerus, with the superior endobutton drill bit (red arrow) and the axillary nerve marked by wire (yellow arrow). The two drill bits superior to this drill bit were placed for a separate study.
MATERIALS AND METHODS
Ethical approval for the present study was granted by the Regional Research and Ethics Committee. Twelve cadaveric human specimen shoulders were used, consisting of six torso specimens. The specimens were prepared and stored at the Department of Anatomy, University of Bristol; they were fresh frozen specimens, stored at −17 • C, and thawed 2 days before use. The specimens were not embalmed. Female and male specimens were used (four male, two female). Mean age at death was 82.83 years (range 70 years to 91 years).
In the supine position, the shoulder specimens were dissected using an anterior deltopectoral approach, and the axillary nerve was identified and marked with 24-gauge (0.51 mm) steel wire. The conjoint tendon was transected and reflected medially, allowing the axillary nerve to be found at the inferior edge of subscapularis. The wire was passed through a cannulated spinal needle into the substance of the nerve (Fig. 1A) . The wire was then advanced along the nerve. This technique of marking a nerve with wire has previously been described when marking the lingual and chorda tympani nerves [15] . The specimens were then turned to lie prone, and a posterior approach to the shoulder was performed. The posterior fibres of deltoid were reflected laterally and the nerve was found deep to the inferior edge of teres minor. The nerve wire was then checked to ensure it had progressed within the substance of the nerve, and was then advanced further along the posterior nerve to its terminal division.
After the initial preparation of the specimens, the positions for PM tendon repair were identified with the specimen in the supine position. The positions were at the superior insertion of PM, a middle position and the inferior insertion of PM. A 2.5-mm drill bit was drilled through the humerus at each of these positions to imitate the drilling and placement of transosseus sutures or cortical buttons during PM repair. Over-drilling of the posterior cortex was not deliberately performed. The drill bits used were steel and 95 mm in length. Each was left in situ (Fig. 1B) . The skin and superficial tissues were then carefully sutured back to their original position, and the specimens stored in a cold storage room prior to computed tomography (CT) scanning. A Siemens Somatom Sensation 16 scanner (Siemens, Frimley, UK) was used to obtain images of each shoulder 2 days after drill bit insertion. There was no significant artefact from either the wire or drill bits. The images were interpreted using open access radiological analysis software (OsiriX; http://www.osirixviewer.com/) [16] and the distances between the axillary nerve wire and the closest point of each drill bit were measured in axial and coronal planes. Each measurement was made by two investigators (SL and OO), two weeks apart. These measurements were used to calculate an overall three-dimensional (3D) distance between the closest point of the wire to where the drill bit passes through the posterior cortex of the humerus. This technique has previously been used to measure distances between structures radiologically [17] . Figure 2 shows the CT images of the drill bits and nerve marked with wire. Measurements were then made from the most superior point of the humeral head to the most superior and inferior points at which the axillary nerve wire passed behind the posterior humerus; this allowed production of 'danger' and 'safe' zones for the nerve in relation to the humerus. All specimens were handled according to the University of Bristol, Department of Anatomy standard protocols. 
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Lancaster et al. Computed tomography (axial) image to demonstrate the proximity of the axillary nerve (yellow arrow) to the posterior humerus and photograph of the drill bits following insertion, with the white arrow marking the axillary nerve and its proximity to the superior drill bit.
RESULTS
Inter-observer error was excellent (Pearson's correlation = 0.992), which was significant (two tailed ≤ 0.001). The superior drill position was in closest proximity to the axillary nerve (3D distance, range 0 mm to 18.01 mm, mean 10.74 mm, 95% confidence interval 7.24 mm to 14.24 mm), as shown in Table 1 . 6 Diagram of 'safe' and 'danger' zones from the tip of the humerus marking the danger posed to the axillary nerve at these positions. Red 'danger' area between 5.6 and 6.5cm from the superior point of the humerus.
The results for the assessment of a potential 'danger zone' where the axillary nerve passes behind the posterior humerus and is at risk of damage from drill passage are shown in Table 3 . Figure 5A shows an axial view of the proximity of the nerve (yellow arrow) to the posterior humerus and Fig. 5B shows a specimen where it was noted at the time of anatomical preparation that the drill bit had come into contact with the nerve. DISCUSSION PM tendon rupture was first described in 1822 by Patissier, who observed the injury in a butcher [18] . The tendon is frequently injured during weight-lifting or wrestling, when the arm is externally rotated and abducted, and most ruptures occur at the humerus insertion [19] . Surgical repair offers improved outcomes over conservative management [20] .
The technique for cortical button repair of the PM tendon is a newly-described technique, and it was suggested to be a stronger fixation technique than previously described methods [13] . The present anatomical study highlights the proximity of the axillary nerve during bicortical drilling during this procedure. Surgeons should use appropriate caution when using this method of PM repair.
In their series of five cases using this technique, Uchiyama et al. reported no postoperative or neurological complications for this method of fixation [13] and we were unable to identify any other studies describing axillary nerve damage during PM repair. There have, however, been previous cadaveric studies investigating the proximity of the axillary nerve to the proximal humerus. In their study, Saran et al. measured the distances between screw positions of proximal humerus locking plates and the axillary nerve. They measured the distances during dissections, but found that some screw holes, particularly those located at the surgical neck, were very close to the nerve, with one specimen nerve being only 2 mm away from a screw in that area (mean 6.6 mm) [21] .
Strength of repair is obviously important for patient satisfaction and outcome. Although some studies have reported the cortical button method to be stronger than other fixation methods, a recent cadaveric study reported no significant difference between the biomechanical failure rates of this method compared to suture anchor and transosseus fixation [22] . A further study found transosseusfixationtobesuperiortocorticalbuttonfixation [23] .Failure of the fixation tends to be through the tendon suture itself [22, 23] .
The limitations of the present study include the fact that overdrilling of the posterior cortex was avoided and therefore the distances between the nerve and the tips of the drill bits will underestimate the actual distances that occur during surgery. There is also the question of orientation of the drill passages, which will not affect the vertical distance between nerve and drill bit, although it may affect axial distances. When considering the course of the axillary nerve in relation to the posterior humerus, it is clear that aiming a transosseus drill anteriorly will reduce the risk of nerve injury. In the present study, the drill bits were aimed perpendicularly to both the cortex of the anterior humerus at the point of PM insertion and the vertical line of the shaft of the humerus. Drill-nerve distance will differ with a variation in drill trajectory and this would need to be considered when performing PM repair; a more anterior drill passage will tend to increase the drill-nerve distance, increasing the margin of safety. Furthermore, protection of the axillary nerve may be attempted during drilling by guarding the posterior cortex; no protection of this kind was used during the present study.
We highlight the age of the specimens at death (83 years); patients who suffer PM tendon ruptures are generally young, athletic individuals, and so the anatomy of our specimens will undoubtedly differ from those who are most likely to suffer this injury. The use of cadavers itself may be seen as a limitation. Tissue quality is different from in vivo tissue; however, the specimens were fresh frozen and carefully preserved to be as clinically accurate as possible. Finally, the preparation of the axillary nerve with the wire may have disrupted the anatomy; however, this is an acceptable technique, which has been used previously in neuro-anatomical investigations [15] .
Following this investigation, we have suggested 'safe' and 'danger' zones ( Fig. 6 ) with regard to the posterior branch of the axillary nerve as it courses posteriorly to the humerus. These measurements are in keeping with previous studies; Liu et al. reported the range of the axillary nerve to be 4.0 cm to 6.7 cm from the superior aspect of the humerus, with a mean of 5.2 cm [24] , and Bono et al. gave a similar range of 4.5 cm to 6.9 cm, with a mean of 6.09 cm [25] . Both of these studies measured the distance during dissection, and it is encouraging that our results are similar, given that we have used radiological methods to measure the distances.
Conclusions
To our knowledge, the present study is the first cadaveric study to investigate the proximity of the axillary nerve specifically during PM repair. It highlights the need for caution when using a technique requiring bicortical drilling. The variability of axillary nerve anatomy places the nerve at risk during the passage of a drill across the humerus during PM repair, particularly in the upper and middle thirds of the PM insertion.
